Four multicannulated Holstein steers (initial B W 424 f 16 kg) were used in a 4 x 4 Latin square to determine the influence of protein supplementation on forage intake, site and extent of digestion, and nutrient flow in steers consuming dormant bluestem-range forage (2.3% CP). Treatments were 1) control, no supplement 2) 1.8 kg of low-protein supplement, 12.8% CP (Low-CP); 3) 1.8 kg of moderate-protein supplement, 27.1% CP (Mod-CP); and 4) 2.7 kg of dehydrated alfalfa pellets, 17.5% CP m y ) . The Dehy supplement was fed to provide the same amount of CP/d as Mod-CP, and all supplements provided similar amounts of M4d. Forage DMI was increased (P c .OS) by feeding Mod-CP and Dehy. Ruminal OM digestibility was 39% greater (P < .05) for the Mod-CP and Dehy supplementations than for the Low-CP supplementation and control. Ruminal CP digestibility was negative for all treatments, and control (-326%) was less (P < .05) than supplemented treatments (average -27%). Total tract OM digestibility was greatest (P c .lo) for steers fed Mod-CP and least for control steers; Low-CP and Dehy steers were intermediate. Total tract NDF digestibility tended (P = .15) to be less with Low-CP than with Mod-CP and Dehy. Duodenal N flow was greater (P < .05) with Mod-CP and Dehy than with Low-CP and control. In summary, supplementation with Mod-CP increased forage intake, digestion, and duodenal N flow compared with Low-CP or controt however, the response was similar when Mod-CP and Dehy supplements were fed to provide equivalent amounts of CP and ME daily.
Introduction
Cattle consuming lowquality range forage do not usually obtain enough digestibile protein to stimulate sufficient forage intake for growth and production. Delcurto et al. (199Oa) reported increased forage intake and digestibility by cattle given a grain-based supplement with a moderate Concentration of CP (26%) compared with those receiving a supplement with 13% CP or no supplement. Further, forage intake and digestion were not improved by increasing the quantity of low-CP supplement such that the amount of CP consumed per day was equal to that of the moderate-CP supplement. In contrast, DelCurto et al. (199ob) reported that forage intake and digestibility by steers were similar or slightly improved when dehydrated alfalfa pellets were fed to provide an amount of CP equivalent to that in a grain-based supplement with 26% CP.
Enhanced forage intake by cattle consuming protein supplements has beem well documented; however, data are limited regarding the influence of such supplementation treatments on site of digestion and nutrient flow to the small intestine. Hence, the objective of our 'As a percdagc of total N. study was to determine the influence of CP concentration and supplement type on forage intake, site and extent of digestion, and nutrient flow in steers with ad libitum access to dormant bluestem-range forage.
Materlals and Methods
Four ruminally and duodenally fistulated Holstein steers (initial average BW = 424 f 16 kg) were used in a 4 x 4 Latin square. Treatments (Table 1) were as follows: 1) control, no supplement; 2) 1.8 kg of lowprotein supplement (Low-CP), 7% soybean meal (SBM):93% grain sorghum supplement containing 12.8% CP; 3) 1.8 kg of moderate protein supplement (Mod-CP), 43% SBM: 57% grain sorghum supplement containing 27.1% CP; and 4) 2.7 kg of dehydrated alfalfa pellets (Dehy), containing 17.5% CP. 'Ihe Dehy was fed at a rate to provide the same amount of CP as the Mod-CP supplement (.48 kg of CP/d). All supplements provided a similar amount of ME (4.9 Mcal/d). Dehydrated alfalfa pellets came from a third cutting of mid-bloom alfalfa. Based on previous research (DelCurto et al., 199oa) , one of the major responses to protein supplementation is increased forage intake. Thus, it was decided to allow steers ad libitum consumption of forage and to measure responses to supplementation, rather than to restrict forage intake to the level of unsupplemented steers. The hay fed in our study was unchopped dormant 4Trace mineralized salt contained not less than 2 % Mu, .1% Fe. .l% Mg, .OS% S, .025% Cu, .01% Co, .008% zn, and .007% I.
bluestem-range forage. Hay was fed at 130% of the previous day's consumption. Day to day variation in forage intake averaged .4 kg. At 0730 each day, orts were weighed to determine hay intake from the previous day. At 0800 and 2000, steers were fed half their daily allotment of supplement and forage. Steers were housed in 1.2-x 1.7-m individual tie stalls with free access to water and a trace-mineralized salt bloc@.
Sumpling. Each period of the Latin square was 31 d long. Days 1 through 16 were used to adapt steers to their diet, followed by a 5d forage intake measurement period. Starting on d 22, duodenal and fecal samples were collected every 6 h for 3 d. Collection times were advanced 2 h each day, so that at the end of 3 d, samples were obtained on every even hour of a 24-h clock. Feed and ort samples were collected on d 21 through 23 to correspond with intestinal and fecal samples.
Feed samples were collected at the time of feeding. Ort samples were collected in the morning after orts were weighed. Ort subsamples were weighed, dried at 5 5 ' C for 48 h, and reweighed. Samples were stored until subsequent analyses were performed.
Ruminal fermentation measurements were taken on d 25. Steers were pulse-dosed with Cr-EDTA at 0800 (before feeding) to estimate fluid dilution rate (Uden et al., 1980) . Each dose consisted of 1.3 g of Cr dissolved in 400 ml of distilled water injected by a repeating syringe into different sites of the rumen. A 0-h ruminal fluid sample was taken via suction strainer before steers were pulsedosed with 0-EDTA to establish baseline. Ruminal fluid samples were collected 1, 3, 6, 9, 12, and 24 h after dosing for determination of Cr. Ruminal pH and VFA and ammonia N concentrations were determined on samples collected at 0, 1, 3, 6, 9, and 12 h. An in situ procedure was used to determine rate, extent, and lag time of forage DM disappearance. Dacron bags5 (10.5 x 23 cm; average pore size 50 pm) contained approximately 5 g of dormant bluestem-range forage ground in a Wiley mill to pass a 2-mm screen. On d 26, duplicate sample and blank bags were placed inside a lingerie bag6 and soaked for 20 min in warm water before placement in the rumen. Bags were removed from the rumen after 6, 12, 24, 36, 48, 72, and 96 h of incubation. Duplicate O-h bags were used to correct for DM loss during presoaking. Upon removal from the rumen, bags were washed with warm tap water until the rinse water was clear. Bags were then dried at 1WC for 24 h and reweighed to determine DM disappearance.
Ruminal evacuations were conducted on d 31. At 0700 and 1200, ruminal contents were evacuated by hand, weighed, mixed, and subsampled. To determine the influence of supplementation on ruminal f i i relative to total ruminal capacity, each steer's rumen was filled with water after the 0700 evacuation to measure ruminal water-holding capacity (RWC). Our procedure was similar to the technique described by Tulloh and Hughes (1965) . except that a rotary gear pump7 was used to fill and empty the rumen of water. Steers were initially weighed at the start of the experiment and weighed at the end of each h l y s e s . Feed, orts, fecal, and ruminal evacuation samples were dried at 55'C in a forced-air oven for 48 h. Duodenal samples were composited by weight, frozen, and lyophilized. AU dried samples were ground with a small-sample mill8 to pass a samples were composited by weight. Feed, orts, and duodenal and fecal samples were analyzed for DM, ash, and N (AOAC, 1984) and for NDF by a modified procedure of b r i n g and Van Soest (1975) with sodium 31-d period. Cochran et al., 1986) . Ruminal IADF passage was determined by the ratio of IADF consumed to LADF fiU (Yadava and Bartley, 1964; Reid, 1965) . Lyophilized duodenal samples were reconstituted to 3% DM i n .1 N HCl, mixed, and centrifuged at 20,000 x g for 20 min; the supematant was analyzed for ammonia N by the procedure of Brodenck and Kang (1980) . Ruminal bacteria were isolated from ruminal fluid collected during the ruminal evacuation at 1200 by straining ruminal contents through two layers of cheesecloth. Strained ruminal fluid samples were centrifuged at 1,000 x g for 10 min to remove feed particles. Bacteria were separated from the supernatant by centrifugation at 20,000 x g for 20 min, washed with isotonic saline solution, and then recentrifuged at 20,000 x g for 20 min. Isolated bacteria were frozen and lyophilized. Ruminal bacteria were analyzed for ash and N and, along with duodenal samples, were analyzed for purine concentration (Zinn and Owens, 1986) to determine microbial N flow to the small intestine and efficiency of microbial N synthesis. True ruminal OM digestion was calculated as the amount of apparent OM digested corrected for bacterial OM flow to the intestine.
Subsamples fur ruminal ammonia N and VFA analyses were frozen (-20'0 after treatment with 3 N HCl (1 ml plus 4 ml of ruminal fluid) and 25% metaphosphoric acid (1 ml plus 4 ml of ruminal fluid), respectively. Ruminal ammonia N was determined on thawed, centrifuged samples (20,000 x g for 20 min) using the same procedure described for duodenal ammonia N. Chromium concentration was determined by atomic absorption spectrophotometry using an air plus acetylene flame; dilution rate was calculated as described by Warner and Stacy (1968) . Ruminal samples for VFA analysis were thawed, centrifuged at 25,000 X g for 20 min, and analyzed by gas chromatography (Jacques et al., 1987) . Ruminal fluid volume and ruminal DM fill were determined from direct evacuation of ruminal contents. Rate of forage DM disappearance over the 96-h incubation time was calculated according to the procedure of Waldo et al. (1972) . Lag time was calculated according to the procedure of Mertens and Loften (1980) . Statistical Analysis. Intake, digestibility, DM fill, IADF fill, and passage rate data were analyzed as a 4 x 4 Latin square using the GLM procedure of SAS (1982) . Model sums of squares were separated into steer, period, and treatment. Ruminal pH, VFA, ruminal ammonia N, and ruminal fill measurements were analyzed as a Latin square, split-plot design (Kempthome, 1952) . The whole plot included dietary treatment, period, and steer effects; treatment x period x steer was used to calculate whole-plot error. Subplot was tested for time and time x treatment interactions. If a time x treatment interaction was significant, variables were analyzed within time periods. Means were separated using the lsd procedure protected by a F-test (P < .lo).
Results
Forage DMI (percentage of BW, Ruminal pH was not affected by treatment but decreased (P c .01) with time after supplementation, ranging from 6.7 to 6.6 (data not shown). A treatment x time interaction (P c .01) was found for ruminal ammonia N concentration, total VPA concentration, and all individual VFA proportions, except for acetate ( Table 4 ). The nature of the interactions was one of differences in the degree of magnitude between treatments rather than a change in the direction of treatment response over time, 
bN = 4.
' Ruminat water-holding capacity.
dIADp = indigestible acid detergent fiber.
'*~.BR,, means without a common superscript m e r (P < .OS). %ow means without a conrmon superscript tend to diffa (P = .12).
Dlscusslon
Soybean meal and grain sorghum were used to formulate the Low-CP and Mod-CP supplements because of their equal energy densities; this allowed for the formation of supplements that differed in protein level but were isocaloric. However, this approach also changed the energy source in the supplement as soybean meal was substituted for grain sorghum, such that Low-CP and Mod-CP supplements contained 38 and 27% starch, respectively. Differences in energy source between these supplements in comparison to the Dehy supplement (e.g., starch vs digestible fiber) may exert some influence on the supplementation re sponse. Energy source differences should be considered when one evaluates the response to different protein supplementation treatments in our study.
The observation that intake of dormant bluestem-range forage in the present study increased with protein supplementation agrees with previous research (McCollum and Galyean, 1985; Neck et al., 1988; Guthrie and Wagner, 1988) . DelCurto et al. (199Oa) fed hay similar to that fed in our study and suggested that with grain-based supplements, balance between protein and energy in a supplement influenced its ability to stimulate forage intake. In their study, forage intake seemed to reach a plateau when steers were fed supplements containing moderate (26%) to high (39%) concentrations of CP; similar increases in forage intake were noted in our study. DelCurto et al. (199Oa) also observed that feeding twice the amount of a low-CP (1 1%) supplement to provide the same quantity of CP/d as a supplement with moderate CP (22%) did not increase forage intake compared with the control. In contrast, DelCuao et al. (199Ob) reported that alfalfa supplements, fed to supply the same amount of CP and ME daily as grain-based supplements, increased forage intake to an extent similar to that observed for a moderate CP grain-based supplement. Results of the present study support this observation in that the Dehy treatment elicited a forage intake response similar to that observed for the Mod-CP supplement. Hence, the relative importance of CP concentration, per se, in determining the extent to which a supplement stimulates intake may be influenced by other supplement characteristics (e.g., dominant energy source, protein degradation rate, synchrony of protein degradation, and fermentation rate of basal forage).
One of the principal factors believed to regulate forage intake by ruminants is ruminal distension (Blaxter et al., 1961) . This concept was supported by results of Campling and Balch (1961), who observed that the quantity of reticulo-ruminal contents had a direct effect on voluntary intake of hay. It is clear that forages may differ in those physical properties that contribute to their ability to occupy space and, thus, elicit distension. Nonetheless, if one assumes that within a given forage ruminal distension per se acts to limit intake, then fiber fill should be relatively constant and either ruminal digestion or passage rate must increase for forage intake to increase. However, Egan and Moir (1965) were able to elicit rapid increases in intake of low-quality forage by intraduodenal infusion of casein, and such increases were noted to be accompanied by increased ruminal fill, in the absence of significant increases in ruminal retention time or fiber digestion (Egan, 1965) . Observations from our study concur with findings of Egan and Moir (1965) and Egan (1965) in that increased forage intake with Mod-CP and Dehy supplementation was accompanied by ly, fill expressed relative to RWC (an estimate of ruminal capacity per se) was greater for increased nuninal DM and IADF fill. Similarthese two treatments than for control. Because ruminal NDF digestion and ruminal IADF passage were only modestly, and inconsistently, affected by treatment, we interpret these data to suggest that a steer's willingness or capacity to tolerate fill can vary with its nutrient status. In this regard, at least two potential explanations for the relatively low level of fill, and intake, in the control and Low-CP groups are evident: 1) factors other than distention per se are relatively more important in controlling intake in steers consuming extremely low-quality roughages and, thus, experiencing significant nutrient restriction; and 2) propensity to respond to distension signals (e.g., via receptors in the reticulorumen) are attenuated in nutrient-restricted steers. Its seems reasonable that changes in digestion and passage would work in concert with other factors to influence forage intake. Egan and Doyle (1985) suggested that in situations in which increased intake seemed to be related to increases in digestion and(or) passage, the intake-stimulation response may have been the result of increased microbial N flow to the intestine. Clearly, those treatments characterized by the greatest forage intakes in the present trial had greater amounts of N flowing to the duodenum.
Previous research also has shown increased digestibility of lowquality forage as a result of protein supplementation (Kartchner, 1981; Guthrie and Wagner, 1988; DelCurto et al., 199Oa) . Increased apparent OM digestibilities for Mod-CP and Dehy supplements compared with control were probably a function of digestion of the supplements, given that NDF digestibility was similar among these treatments. Lower OM digestibility for the Low-CP supplement may have been the result of a trend for lower ruminal NDF digestion with this treatment. Decreased fiber digestion with grain supplementation has been observed by others (Miller and Muntifering, 1985; Chase and Hibberd, 1987) . Similarly, DelCurto et al. (199Oa) reported lower total tract NDF digestion by steers receiving a supplement with low (13%) CP concentration than by steers with either no supplementation or a supplement with moderate (26%) protein concentration.
Negative ruminal N digestibilities are common when low-protein forages are consumed. Church and Santos (1981) reported negative CP digestibilities when unsupplemented straw diets were fed but noted increased CP digestibility with supplemental protein. Bunting et al. (1989) noted greater abomasal N flow than N intake in calves fed a low-protein diet; Loerch et al. (1983) attributed this type of response largely to urea recycling. 0rskov et al. (1986) , using intragastric infusion of protein-free nutrients in sheep, found that nonammonia N flow from the rumen consisted of epithelial cells derived from the respiratory tract, mouth, and esophagus and keratinized epithelial tissue from the rumen wall; the quantity of nonammonia N flowing from the abomasum was 195 mg of N/kg of W-75. In the present study, nonammonia-nonmicrobial N flowing to the duodenum was approximately 395 mg of N/kg of we75 for the control treatment. our value includes feed N that escaped ruminal degradation in addition to endogenous N sources described by 0rskov et al. (1986) . If one assumes that feed N in the forage was largely indigestible and escaped the rumen, there would be approximately 24.3 g of endogenous N, or 278 mg of N/kg of which is greater than the value suggested by 0rskov et al. (1986) .
Indigestible ADF passage rate (%/h), tended (P = .12) to be greater for steers fed Dehy than for controls. Because of greater forage intake with Mod-CP and Dehy supplementation, IADF flow (gh) was greater with these treatments than with control and Low-CP. DelCurto et al. (199Oa) reported a linear increase in IADF flow with increasing CP concentration in grain-based supplements fed to cattle consuming lowquality forage. DelCurto et al., (199Ob) also reported that steers supplemented with dehydrated alfalfa pellets had a greater ruminal IADF flow (g/d) than those fed a supplement with a moderate level of CP. Similarly, in the current experiment, IADF flow for Dehy was 25% greater (P > .lo) than for Mod-CP. Greater IADF flow with Dehy was probably caused by fiber addition from alfalfa because forage intake was approximately 11 % less by Dehy-supplemented than by Mod-CP-supplemented steers.
Ruminal fluid volume and flow rate were greater with Mod-CP and Dehy. These increases are probably related to increased saliva flow and increased water consumption associated with greater forage intake. Enhanced ruminal ammonia N concentration for Mod-CP and Dehy groups agrees w i t h other research (McCollum and Galyean, 1985; Caton et al., 1988; Fleck et al., 1988) . Greater total VFA concentration in supplemented steers was partly caused by microbial fermentation of the supplements. In addition, increased forage intake and total amount of OM digested would explain the greater total VFA concentration for Mod-CP-and Dehy-supplemented steers than for Low-CP-supplemented steers. The lower molar proportion of acetate and greater molar proportion of propionate with the Low-CP supplementation may have been a result of the greater starch content of this supplement; however, DelCurto et al. (199Oa) reported no difference in propionate proportion in steers receiving either no supplement or supplements with low or moderate CP concentrations. They also observed a greater molar proportion of propionate in steers supplemented with dehydrated alfalfa than in steers receiving no supplement or a supplement with a moderate CP concentration (DelCurto et al., 199Ob) . No explanation for differences in the results of the present study compared with previous research is evident.
Faster in situ rate and greater extent of DM digestion indicates a more favorable ruminal environment for digestion. However, increased rates of DM disappearance were not associated with increased ruminal NDF digestibility; this may, in part, be a result of the trend for a concomitant increase in IADF passage rate. Discrete lag time (Mertens, 1977) describes the initial fermentation period when digestion does not occur or occurs at a reduced rate. Lag time data in the current trial seem to indicate that microbes colonized supplements before they colonized forage. This would increase the time required before forage digestion began.
In summary, grain-based supplements that contained at least a moderate level of CP (27%) improved forage intake and nutrient flow to the small intestine in cattle fed lowquality range forage. Dehydrated alfalfa pellets, a supplement that differed in energy source from a grain-based supplement but provided the same total quantity of CP and ME/d, yielded similar forage intake, ruminal fermentation, and flow characteristics. With high-fiber, low-protein forages such as that evaluated in our study, amount of space in the reticulo-men occupied by ingesta is frequently well below that potentially available. Thus, it seems that either the ruminant's willingness or capacity to tolerate fill varies with its nutrient (presumably N) status or that factors other than distention per se play a relatively greater role in controlling the intake of such forages. 
